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How to check the one-count operator experimentally
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We propose an experimental scheme to probe the form of one-count operation used in the theory
of continuous photodetection in cavities. Two main steps are: 1) an absorption of a single photon by
an atom passing through a high-Q cavity containing electromagnetic field in a thermal or coherent
state, 2) a subsequent measurement of the photon statistics in the new field state arising after the
photon absorption. Then comparing the probabilities of finding 0 and 1 photons in the initial and
final states of the field, one can make conclusions on the form of the one-count operation. This
method can be readily applied in the microwave cavity QED with present technology.
PACS numbers: 03.65.Ta, 42.50.Ar, 42.50.Lc
It is well known [1] that the probability of absorbing
one photon per unit time from a quantized electromag-
netic field is proportional to the average value of the or-
dered product of the negative and positive frequency elec-
tric field operators in the given quantum state of the field.
In the simplest case of the single-mode field, this prob-
ability can be written in terms of the standard bosonic
lowering and raising operators aˆ and aˆ†, satisfying the
commutation relation [aˆ, aˆ†] = 1, as
pab = γTr
(
aˆρˆiaˆ
†
)
(1)
where ρˆi is the statistical operator of the field before ab-
sorption and γ is a coefficient with the dimensionality
s−1. Due to an interaction with a ‘detector’ (which ab-
sorbs a photon), the field makes a ‘quantum jump’ to a
new state, which can be described mathematically by an
action of the one-count operator (OCO) Jˆ as [2]
ρˆf = Jˆ ρˆi/Tr(Jˆ ρˆi) (2)
where ρˆf is the statistical operator of the field imme-
diately after the absorption of one photon. Operator
Jˆ is frequently called also quantum jump superoperator
(QJS). However, this term is usually associated with ran-
dom processes and the so called ‘quantum trajectories
approach’ (see e.g. [3, 4]). In order to avoid a confusion,
we shall use the term OCO throughout the paper.
The hermiticity of operator ρˆf can be ensured if one
uses the decomposition
Jˆ ρˆ ≡ OˆρˆOˆ† (3)
where Oˆ is some ‘lowering’ operator responsible for the
subtraction of one photon from the field. Obviously, the
explicit form of operators Jˆ or Oˆ depends on the de-
tails of the interaction between the field and a detector,
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and concrete calculations based on different models were
performed by many authors since the 1960s [5, 6, 7, 8]
(other references can be found in [9]). A very common
form of OCO, first proposed in [2] and considered for ap-
plications in quantum-counting quantum nondemolition
(QND) measurements in [10], consists in the identifica-
tion Oˆ = aˆ (we shall refer to it as ‘A-model’):
JˆAρˆi = aˆρˆiaˆ
† (4)
Such a form seems quite natural, if not obvious, in view
of equation (1). However, we would like to emphasize
that this choice is, as a matter of fact, intuitive (phe-
nomenological), although it can be derived from some
‘microscopical’ models under certain assumptions [7, 11],
where the most important are the weak coupling and
short interaction time limits. Nonetheless, if these as-
sumptions are replaced by others, one can obtain differ-
ent operators Jˆ . In particular, the OCO Jˆnρˆi = nˆρˆinˆ,
where nˆ ≡ aˆ†aˆ is the photon number operator, was con-
sidered in [12] in connection with continuous quantum
nondemolition measurements of photon number. A fam-
ily of OCO based on the ‘nonlinear lowering operators’
of the form Oˆ = (1 + nˆ)−β aˆ was derived in Ref. [11]. Its
special case with β = 1/2 corresponds to the so-called
‘E-model’, which was proposed within the frameworks of
phenomenological considerations in [13, 14]:
JˆE ρˆi = Eˆ−ρˆiEˆ+, Eˆ− ≡ (1 + nˆ)−1/2aˆ. (5)
The operator Eˆ− is known under the name ‘exponential
phase operator’ [15, 16, 17, 18].
In some special cases, e.g., if a detector is a resonant
two-level atom passing through a cavity, one can deduce
an exact form of the one-count operator, using some
known atom–field interaction Hamiltonian. Indeed, if
one can describe the interaction by means of the Jaynes–
Cummings model, then the exact form of the OCO is
[19]
JˆHρi = sin(y
√
nˆ+ 1)Eˆ−ρiEˆ+ sin(y
√
nˆ+ 1) (6)
2where y = gt, t being the atom transit time through the
cavity and g the atom-field coupling constant related to
the Rabi frequency. We shall call operator (6) the ‘H-
model’. Common values in cavity QED in the microwave
regime are (see, e.g., table I in [20]): g ∼ 100kHz, t ∼
100µs, so y ∼ 1− 10. Notice that the exact OCO (6) is a
bounded superoperator, as expected from physical point
of view.
Although the OCO in the form (4) was used ad hoc
for more than three decades in numerous papers devoted
to different applications [9], it seems that its validity was
never verified in direct experiments. However, such a ver-
ification cannot be considered as unnecessary for several
reasons. First, it is possible that in some realistic situ-
ations, the approximations under which the phenomeno-
logical operator (4) was derived can fail. Second, since
JˆA is an unbounded operator, some inconsistencies in
the theoretical treatment appear (they were noticed al-
ready in the original paper [2]; see also [14, 19, 21]).
Third, applying (4) to some states, one arrives at pre-
dictions which look counterintuitive, thus deserving an
experimental verification.
For example, it is easy to check that if the mean num-
ber of photons in the state ρˆi (before the detection of one
photon) was 〈nˆ〉i, then the mean number of photons in
the state ρˆf (2) with operator (4) must be [22, 23, 24]
〈nˆ〉f = 〈nˆ2〉i/〈nˆ〉i − 1 ≡ 〈nˆ〉i +Q (7)
where Q is the known Mandel’s Q-factor describing the
type of photon statistics in the initial state ρˆi. Only for
the initial Fock states one has 〈nˆ〉f = 〈nˆ〉i − 1, whereas
equation (7) yields 〈nˆ〉f = 2〈nˆ〉i for the initial thermal
state and 〈nˆ〉f > 2〈nˆ〉i for the initial squeezed vacuum
state. In contrast, using OCO in the form (5) one obtains
instead of (7) the formula
〈nˆ〉f = 〈nˆ〉i
1− χ0
− 1, χ0 ≡ 〈0|ρˆi|0〉 (8)
where χ0 is the probability of occupation of the vacuum
state in the initial state ρˆi. In particular, for the thermal
state equation (8) yields 〈nˆ〉f = 〈nˆ〉i.
The aim of this article is to show how the form of the
OCO can be verified by detecting single photons in high-
Q cavities (where one can use the single-mode approxi-
mation for the quantized electromagnetic field). We are
inspired by the recent progress in experiments described
in [25]. The scheme that we propose employs both de-
structive and nondemolition measurements, that can be
realized with the present available technology [25, 26].
In quantum nondemolition experiments realized re-
cently (based on a proposal made in [27]), the Rydberg
atoms, initially prepared in the ground state |g〉 of an
effective two-level configuration, were sent through an
interferometer composed of a high-Q cavity (with the
damping time ∼ 0.1 s) and resonant classical fields. On
the exit they were detected by a state selective field
ionization detector. Besides, the experiments were per-
formed under the conditions where the mean number of
photons in the cavity was much smaller than unity. In
such a case, due to the nondemolition nature of measure-
ments (because the cavity field eigenfrequency is chosen
in such a way that the atomic transitions are out of res-
onance with the field), if the atom is detected in the
excited state |e〉, then one may conclude that there is
only one photon in the cavity, so the field state within
the cavity is projected into the 1-photon state. Similarly,
if the atom is detected in the state |g〉, this means that
there are no photons in the cavity, and the field state
is the vacuum state. If one sends more atoms through
the cavity, the outcomes of the measurements will be
the same and the state within the cavity will not be al-
tered. In rare cases when there is more than 1 photon in
the cavity, the atom will be in a superposition of states
|g〉 and |e〉 after passing through the cavity, so in con-
secutive measurements the outcome will not be always
the same, but will alternate probabilistically between |g〉
and |e〉. Thus, using consecutive nondemolition measure-
ments, an experimenter can distinguish between 0, 1 and
more than 1 photon in the cavity.
Our experimental proposal is based on the assumption
that one can prepare a field state ρˆi in the cavity with
known statistical properties. Actually, we have in mind
either a thermal or a coherent state with a small mean
photon number 〈n〉i < 5, in order to ensure a negligibly
small influence of multiphoton Fock states. The methods
of preparation of such ‘classical’ states seem to be well
known. (Note that the Fock states themselves cannot dis-
tinguish between the OCO’s – one needs superpositions
or mixtures of these states.) If the nature of the state is
known, then it can be characterized by measuring the en-
semble probabilities χ0 and χ1 of having initially 0 and 1
photons. So, the first step of the experiment is the QND
measurement of the photon statistics in the initial state.
After this, one should send through the cavity an atom
in the ground state of another effective two-level config-
uration, tuned in resonance with the cavity mode (e.g.,
using Rydberg atoms, whose quantum states are differ-
ent from those used in the first step), in order to change
the quantum state of the field due to the absorption of
one photon. If the atom absorbs a photon (which is sig-
naled by a detection of atom in the excited state), this
means that the field state makes a quantum jump to the
state ρˆf , whose statistical properties are determined by
the form of OCO Jˆ . Consequently, measuring the proba-
bilities Pn = 〈n|ρˆf |n〉 of finding n photons in the state ρˆf
after the quantum jump and comparing the results with
theoretical predictions, one can verify the form of Jˆ . It
is sufficient to measure only the probabilities P0 and P1.
The predictions for the A-model are as follows,
PAn =
〈n|aˆρˆiaˆ†|n〉
Tr [aˆ†aˆρˆi]
=
(n+ 1)!
〈nˆ〉i χn+1, (9)
where χn = 〈n|ρi|n〉. Analogously, for the E-model we
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FIG. 1: Probabilities of finding 0 and 1 photons after the
quantum jump from the initial coherent state, characterized
by the initial probability of having zero photons χ
0
. The
superscripts A and E correspond to predictions of A-model
and E-model, respectively.
have
PEn =
χn+1
1− χ0
(10)
and for the H-model
PHn =
sin2(y
√
n+ 1)χn+1
〈sin2(y√n)〉i
. (11)
Thus, we see that the resulting probabilities are fun-
damentally different. Let us illustrate these different be-
haviors for the A- and E-models for two different initial
states (for H-model the expressions are more lengthy, so
we do not put them here).
(a) For the thermal state (which is an eigenstate of
superoperator JˆE) with the mean photon number n¯ we
have
χn =
n¯n
(n¯+ 1)n+1
= χ0 (1− χ0)n (12)
so we obtain PEn = χn,
PA0 = χ
2
0, P
A
1 = 2χ
2
0 (1− χ0) .
(b) For the coherent state (an eigenstate of JˆA) with
χn = e
−n¯ n¯
n
n!
= χ0
(− ln χ0)n
n!
we have PAn = χn,
PE0 =
χ0(− ln χ0)
1− χ0
, PE1 =
χ0(− ln χ0)2
2(1− χ0)
.
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FIG. 2: The same as in figure 1, but for the initial thermal
state.
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FIG. 3: The same as in figure 2, but as functions of the
probability χ
1
.
We see that PE1 is twice smaller than P
A
1 if 1 − χ0 ≪ 1,
for both initial coherent and thermal quantum states.
In figures 1 and 2 we plot P0 and P1 as function of
χ0 for A and E models and the both states. In figure 3
we plot the same probabilities as functions of χ1 for the
initial thermal state (in the case of n¯ < 5). We choose χ0
and χ1 as possible independent variables, because these
quantities can be determined experimentally in the most
direct way. Two branches in figure 3 are the consequence
of two signs in the dependence χ0(χ1): solving equation
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FIG. 4: PHn for the H-model as functions of y for χ0 = 0.6.
(12) with respect to χ0 for n = 1 one obtains
χ0 = 1/2±
√
1/4− χ1.
The upper sign should be chosen if n¯ < 1 and the lower
sign corresponds to n¯ > 1.
In the case of initial thermal states, the values of χ0
and χ1 can be varied by changing the temperature of the
cavity or by some other means [28]. Before passing any
atom, the mean number of (initial) thermal photons in
the set-up described in [25, 26, 27, 28] varied from 0.7
to 0.1. This range of temperatures corresponds to the
variations of χ0 from 0.6 to 0.9 and χ1 from 0.24 to 0.09.
Figures 2 and 3 show that these are just the intervals
where the functions PAk (χj) and P
E
k (χj) are quite dis-
tinguishable from each other (k, j = 0, 1). Moreover, for
χ1 = 0.1, the probability of detecting more than one pho-
ton becomes less than 0.01, and the scheme described in
[25] is quite reliable.
In the H-model the OCO depends on the parameter y,
i.e., the atom transit time. Thus, the resulting probabil-
ities PHn oscillate as functions of transit time, attaining
zero values for certain values of y. In figure 4 we plot
functions PH0 (y) and P
H
1 (y) for the thermal state with
χ0 = 0.6 and y ranging from 1 to 10, corresponding to
achievable values in microwave cavity QED experiments.
Such a peculiar behavior of probabilities as functions of
the transit time could also be checked experimentally.
Consequently, by performing ensemble experiments in an
accessible interval of temperatures one can easily verify
which one of the OCO’s holds, or whether neither of them
is observed in practice.
Concluding, we are proposing a simple scheme of an
experiment, which could decide in an unambiguous way
the form of the one-count operator. This scheme only
needs a cavity with initial thermal or coherent state of
the electromagnetic field containing a small mean number
of photons. The available experimental level seems to
be quite sufficient for this purpose. This method can
also be applied to other physical systems in which one
can perform both destructive and QND (or instantaneous
destructive photon number) measurements.
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